We have determined the crystal structure of a monomeric biologically active form of the initiator protein of plasmid R6K as a complex with a single copy of its cognate DNA-binding site (iteron) at 3.1-Å resolution. The initiator belongs to the family of winged helix type of proteins. The structure reveals that the protein contacts the iteron DNA at two primary recognition helices, namely the C-terminal ␣4 and the N-terminal ␣4 helices, that recognize the 5 half and the 3 half of the 22-bp iteron, respectively. The base-amino acid contacts are all located in ␣4, whereas the ␣4 helix and its vicinity mainly contact the phosphate groups of the iteron. Mutational analyses show that the contacts of both recognition helices with DNA are necessary for iteron binding and replication initiation. Considerations of a large number of site-directed mutations reveal that two distinct regions, namely ␣2 and ␣5 and its vicinity, are required for DNA looping and initiator dimerization, respectively. Further analysis of mutant forms of revealed the possible domain that interacts with the DnaB helicase. Thus, the structure-function analysis presented illuminates aspects of initiation mechanism of R6K and its control.
I
n a major class of drug resistance plasmids, interaction of a plasmid-encoded replication initiator protein with the originproximal, cognate, repeated sequences called iterons, initiates Cairns-type replication that generates -shaped replication intermediates (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Although a wealth of information exists on the genetics and biochemistry of replication initiation and its control in a few model plasmid systems, there has been a paucity of information on the atomic structure of the plasmid-encoded replication initiator proteins and their detailed structurefunction analysis. In fact, the structure of only one plasmidencoded initiator, namely RepE of F factor, is known to date (13) . Unfortunately, the F plasmid system offers very few mutants of the RepE initiator that have been isolated and analyzed to date and very little published information exists on the interaction of the RepE initiator with host-encoded replication proteins.
By contrast, the R6K plasmid system has a rich repertoire of biological and biochemical information on its initiator protein called (2, 3, 6, 8, (14) (15) (16) (17) (18) (19) , including its interaction with several host-encoded replication proteins (20) (21) (22) , and its self interaction, via dimerization (23, 24) , dimer-dimer (or dimer-monomer) interactions, that are essential for DNA looping (22) . The R6K replicons consist of three replication origins called ␣, ␤, and ␥. is a transacting initiator protein that binds to seven tandem iterons at ␥ (Fig. 1) . Dimerization of negatively controls copy number, as revealed by the fact that mutations that enhance copy number also tend to monomerize the protein upon iteron binding (22, 23, 25) . In addition to the dimerization interphase, a second type ofcontact is required for dimer-dimer or, more likely, monomerdimer interactions that are essential for activation of replication at a distance at ␣ and ␤ by -mediated DNA looping ( Fig. 1 a and b; refs. 22, 24, and 26) . Several mutants that abolish or reduce interaction of with host-encoded replication proteins are available and some of the mutants forms of the protein have been purified and characterized biochemically (20) (21) (22) . Recently, we reconstituted the replication of R6K in vitro with all purified proteins (27, 28) . In plasmid R6K, unlike in the F plasmid, the major replication origins ␣ and ␤ are located Ϸ4 and Ϸ1.2 kb away, respectively, from the primary binding site of the initiator at the seven iterons of ori ␥ (Fig. 1a) . DNA looping mediated by between ␥ and ␣ or between ␥ and ␤ initiates replication from the ␣ and ␤ origins, respectively (24, 29). The dimeric WT is biologically inert and has to be activated by the DnaK chaperone system into a form that monomerizes upon contact with DNA ( Fig.  1b; ref. 28) .
The compelling reason to solve the crystal structure of the initiator protein as a complex with a single iteron DNA was to be able to perform structure-function analysis at atomic reso- Note that ori ␣ and ␤ are located Ϸ4,000 and 1,200 bp away from ori ␥, respectively. -mediated DNA looping that brings together the single iteron at ␣ and the half iteron at ␤ with the seven iterons at ␥, activates ori ␤ and ␣ (see b). (b) DNA looping can occur in at least two modes: (i) by iteron-bound monomer pairs bridged by dimeric or (ii) by two interacting iteron-bound dimers. Dimeric is remodeled by the DnaK chaperone system into active monomers upon binding to iteron DNA (28) . (c) A diagram of the duplex DNA used in the structure determination of in complex with iteron DNA. The numbering system shown corresponds to that of the model with oligonucleotide A comprising residues 1-23 and oligonucleotide B comprising residues 24 -46. The thymines in red were those replaced by bromodeoxyuridine in the oligonucleotides used to solve the structure. Note the overhanging 3ЈT residues that promoted optimal crystallization. lution. Such work should further illuminate the molecular mechanism of replication initiation and its control. Although modeling the structure of after RepE structure could provide some useful information (30) , a direct determination of the structure of was necessary, because structurally is larger than RepE and has distinctive biological properties such as loopingdependent initiation of replication from distant origins (see Fig.  1 ; refs. 24, 26, and 29). Furthermore, the structure presented here would suggest a different mode of dimerization, as contrasted with the one modeled after RepE (30) .
Repeated previous attempts to crystallize the WT protein over more than a decade were unsuccessful because of the propensity of the protein to aggregate in solution at the high concentrations needed for crystallization trials. Here, we have used a quadruple-mutant form of called * [that contains the looping mutant (P42L; ref. 24) and three high-copy-number mutants (P106L and F107S, P113S); ref. 22 ] to successfully crystallize the monomeric form of the protein as a complex with a single iteron DNA and have solved its structure at a resolution of 3.1 Å. * is biologically active in vivo (22) and in vitro (27) . We have shown further that the mutant form, although still remaining as a dimer in solution, is rapidly induced to form monomers upon binding to a single-iteron DNA (22) . Consideration of the -iteron structure in correlation with several key mutant forms of the protein and their biochemical phenotypes illuminates significantly the roles of -iteron DNA and -interactions in the initiation of replication and its control.
Results and Discussion
Structure Description. The structure of quadruple mutant of (called *) as a complex with a 22-bp duplex iteron DNA (Fig.  1c) was solved by the multiple anomalous dispersion method (Table 1 and Fig. 7 , which are published as supporting information on the PNAS web site). The final structure comprises residues 9-106 and 114-268 and 46 nucleotides of the iteron duplex and has an R factor of 22.7% (free R factor ϭ 26.7%) at 3.1-Å resolution (Tables 2 and 3 , which are published as supporting information on the PNAS web site).
belongs to the winged helix family of proteins. The protein comprises two domains, the N-terminal domain (NTD) and the C-terminal domains (CTD; Fig. 2 ), and these are topologically related. Although the sequence identity between them is very low (Ϸ18%), and RepE share similar folds, commensurate with each being an initiator protein that binds to DNA; hence, the nomenclature of structure adopted for RepE is also used here (ref. 13 ; Fig. 3 ). The NTD of starts with ␤1 that forms a two-stranded sheet with its counterpart across the molecular dyad, b1Ј. After ␣1 and ␣2, the chain leads to ␤2, the first ␤-strand of the three-stranded sheet, followed by ␣3 and then ␣4, which is the major DNA-recognition element of the NTD. The protein chain then projects away from the main body of the molecule on the opposite side to the DNA-binding interface, forming helix ␣5, which exhibits weak density and is probably flexible (Fig. 7) . Consequently, this region is modeled as polyalanine, and seven residues after this helix are omitted. ␣5 is connected to the main structure by two small ␤-strands (␤2a and ␤2b). Such a feature is absent in RepE, in part because contains 11 extra residues in this region compared with RepE, but also because 13 residues are absent in the RepE model (13) . The NTD in finishes with the remaining two strands of the three-stranded ␤ sheet (␤3 and ␤4), with the ''wing'' comprising the connection between these, followed by the helix ␣6 (equivalent to ␣5 in RepE).
The topology of the CTD is broadly the same as the NTD, with equivalent elements termed ␣1Ј, etc., except that there is no topological equivalent to ␣5, and there is an additional ␤-ribbon (␤2aЈ and ␤2bЈ) that connects ␣3Ј and ␣4Ј, which forms a distinct protrusion away from the CTD. The latter feature is also absent in RepE, which instead has a direct connection between ␣3Ј and ␣4Ј. The only other major difference with the NTD of is the lack of an ␣ helix at the end of the domain that is equivalent to ␣6.
Structure of the DNA in the -Iteron Complex. The DNA in the structure forms a duplex that is slightly distorted from the standard B form. Although most of the base pairs conform closely to Watson and Crick geometry, some are separated and thus appear to be sites where the DNA is being melted (see Fig.  5 ). One such gap is across base pair A5/T41, but the biggest is from 5ЈA10-G11-C12 pairing to 3ЈT36-C35-G34. Most of the distances between these base pairs are in the range 3.5-3.8 Å, i.e., just beyond typical hydrogen-bonding range. Compared with the iteron of DNA in complex with RepE, the DNA bound to is markedly more bent (Ϸ30°compared with Ϸ20°for RepE).
Previous experiments testing sensitivity to KMnO 4 have shown that when WT, dimeric, and mutant monomeric bind to DNA, unpaired T residues become exposed at the AT-rich region (21, 23) . Moreover, we have shown that binding of WT dimeric to the seven iterons of ori ␥ causes DNA bending and wrapping of DNA around the protein (31) . The bending of the iteron by the binding of monomeric emerges clearly from the structure (Fig. 2) . The binding in-phase to the iterons is believed to wrap the DNA around the seven monomers, and this topological arrangement, along with the interaction with the DnaA protein (that in turn is promoted by integration host factor) results in the initial melting at the AT-rich region of the ori ␥ of R6K and other plasmids (21, 32, 33) . The initial melting is believed to be necessary for loading of DnaB helicase at the ori (20, 34) .
DNA-Binding Residues of . Both domains of are involved in binding to iteron DNA, and in each case the major recognition element is the same helix: ␣4 in the NTD and its counterpart ␣4Ј in the CTD, both of which lie within the major groove of the DNA duplex (Fig. 4) . The DNA-binding region of the NTD comprises ␣4 and its preceding loop, the N-terminal end of ␣2 and the turn between ␤3 and ␤4 (the ''wing'' of the winged-helix motif). Most contacts in this region are to the phosphate backbone of DNA by hydrogen bonds from tyrosine, threonine, and serine residues, as well as a salt bridge between Arg-34 and the phosphate group of G19 (Fig. 5 ). There are also several hydrophobic interactions (e.g., Leu-72, Ile-68, and Leu-30) to some of the ribose rings. The only contact involving a base in this domain is between the hydroxyl of Ser-71 and O6 of G27 and this residue also lies close to the base of T28 (Fig. 8a , which is published as supporting information on the PNAS web site). Although Arg-75 is not within contact distance of DNA, it lies midway within the major groove of DNA, close to the bases of G16 and T17. It may interact with DNA by ordered water molecules that are not visible at the resolution of this structure. Gel mobility-shift assays confirm that both Ser-71 and Arg-75 are critical for DNA binding (Fig. 9 , which is published as supporting information on the PNAS web site), and, importantly, the S71A and R75A mutants still bind DnaB (Fig. 10 , which is published as supporting information on the PNAS web site), showing they are folded correctly. Interestingly, none of the DNA-binding interactions in the NTD appear to affect the Watson-Crick base pairing of the DNA duplex in this region (Fig. 5) .
The DNA binding region of the C-terminal segment is topologically similar to the NTD, comprising ␣4Ј and its preceding loop, with additional contacts from the wing between ␤3Ј and ␤4Ј and the loop preceding ␣2Ј (Fig. 4b) . There are slightly fewer contacts between and DNA in this region, compared with the NTD, but, most notably, more are with bases. As with the NTD, there are several hydrogen bonds to the phosphate backbone from tyrosines (Tyr-170 and -217) and a serine (Ser-168), as well as some hydrophobic interactions with the ribose moieties involving Phe-220, Pro-221, Ile-222, and Ile-256. There are also two salt bridges, one between Lys-216 and the phosphate of T36 and another between Lys-216 and the phosphate of T5. Mutation of Lys-216 abolished DNA binding and initiation from ori ␥, showing that this contact is essential for DNA binding and initiation (Table 4 , which is published as supporting information on the PNAS web site). Likewise, residues 250-252 are very close to DNA, especially Glu-252, which is near the phosphate of A3 (and T46), thus explaining the lack of DNA-binding activity of the triple mutant, E250A/K251A/E252A (Table 4) .
The most important interactions in this region, however, appear to be those mediated by Arg-225 and Asp-226. Like Ser-71 and Arg-75 in the NTD, these residues penetrate deep within the major groove where they form hydrogen bonds with DNA (Fig. 8b , which is published as supporting information on the PNAS web site). Arg-225 forms three contacts with the bases of C37, T38, and G7 (on the opposite strand of DNA). Asp-226 forms a hydrogen bond with both the base of C37 and a salt bridge with Arg-225. When either of these residues is mutated to alanine, no longer binds DNA in gel-shift assays and does not support replication from ori ␥ but still binds DnaB (Figs. 9 and 10). Probably critical for this interaction is the unusual conformation of ␣4Ј, which follows a wider coil at residue 226 and projects the aspartate closer toward the DNA than would occur in an ␣-helix. A similar distortion of this helix was also observed in the crystal structure of RepE in complex with DNA (13) .
Interestingly, Arg-225 and Asp-226 lie very close to the site in the iteron DNA where the strands are slightly separated, comprising nucleotides 34-36 on the oligonucleotide closest to the protein (Fig. 5) . Thus, the contacts made by Asp-226 with C37 and by Arg-225 with the T38/A8 base pair, which are immediately adjacent to this site, may have a role in DNA melting. In addition, those residues contacting the nucleotide directly may also have a role in their separation, including Ser-168, which contacts C35, and Tyr-217, which contacts T36.
Mutant Forms of . A major advantage of the R6K plasmid system over that of the F plasmid is the large body of biochemical and mutational data that has been accumulated in the former. We have added to this by testing several alanine mutants of in gel-shift assays to measure DNA binding and in ELISA assays to measure binding to DnaB helicase. The mutations that alter the activity of are summarized in Table 4 and are mapped onto the structure in Fig. 6 . These mutations can now be interpreted in the context of the crystal structure to provide unique insight into the molecular mechanism of initiation mediated by this initiator.
DNA Binding. The mutations that abolish binding with DNA can be grouped into two categories: those within or immediately adjacent to the DNA-binding site (described above) and those located further away, which probably alter the DNA-binding site through a conformational change or by causing misfolding of the protein. The latter group includes K11A/K12A, K14A, E20A, E114A/E115A, and D208A/K209A. The most interesting of these mutations is E114A/E115A. These residues lie immediately after the disordered region between ␣5 and ␤2b that contains the high-copy-number mutations but have an opposite activity compared with those mutations, most likely because they cause misfolding in this region.
High-Copy-Number Mutations. The mutations that lead to high copy number are all clustered in a disordered region at the C terminus of ␣5. Leu-106 is modeled only approximately, and Ser-113 and Phe-107 are absent altogether. These mutations are present in the protein construct used to determine the crystal structure, because they increase the solubility of monomers (22), the DNA-binding form of . Although the effect of these mutations cannot be deduced without a structure of the wildtype protein, it is unlikely that they significantly affect the conformation of ␣5, because * shows normal binding to DnaB (mutations in ␣5 lower binding to DnaB; see below). If anything, because they promoted the crystallization of , they may have increased the ordering of this region, and that in turn may explain the slightly higher binding of * to DnaB (data not shown). If true, this suggests that ␣5 and its connecting loops exhibit greater disorder in the WT monomeric form of .
More importantly, the mapping of high-copy mutants that increase the solubility of the monomeric form of to a loop adjacent to ␣5 suggests this region is involved in dimerization. Indeed, in the crystal packing, ␣5 interacts with its symmetry counterpart, which tentatively suggests a coiled-coil mechanism of dimerization. Dimers of are repressors of replication (27, 35) , and dimer-dimer interactions involving two sets of iterons of a pair of plasmids in trans are known to shut down initiation by handcuffing. Alternatively, interaction of a single array of dimers binding to two sets of iterons and causing coupling or handcuffing of a pair of origins is believed to be a major mechanism of negative control of replication (19, 36) .
DNA Looping. Mutation of Pro-42 to leucine abolishes the DNAlooping activity of (24). This residue is located at the C terminus of ␣2 and lies within a shallow depression on the surface of the molecule. Interestingly, this mutation may not have altered the structure of the main chain of this region significantly, because the leucine terminates helix ␣2 in the same way as the proline would be expected to do (and therefore would not affect the putative DnaB-binding region at residues [46] [47] . However, the presence of the bulky hydrophobic side chain has altered the surface of this region, suggesting this is a secondinteraction domain.
Unlike the initiator proteins of other plasmids, the dimeric form of does bind to DNA, albeit less strongly than monomers (7, 37) . Therefore, in principle, a DNA loop could be formed by Fig. 6 . The mapping of various mutants that alter the activity of . The structure of is shown as a gray ribbon on which amino acids at sites of mutations are plotted in ball-and-stick form. Important elements of secondary structure are labeled. The coloring scheme for the mutants is as follows: blue, residues that when mutated are replication defective (this study); red, sites of high-copy-number mutants (P106L, F107S,and P113S; ref . 22); orange, the mutation (P42L) that causes a defect in DNA looping (24); green, sites of double mutations that are replication defective and show lowered binding to DnaB helicase but still bind DNA (this study); and purple, mutants that are defective for replication but still bind DNA (23) .
the interaction between two iteron-bound dimers (Fig. 1b) . Alternatively, a dimeric could bridge pairs of iteron-bound monomers (35, 38) . The looping models suggest that, besides the dimerization interphase, a second type of protein-protein contact involving a dimer and a monomer or two dimers would be needed for DNA looping. The P42L looping defective mutation located at the ␣2 helix probably reveals the second type of contact. This mutation does not cause dimers to monomerize extensively upon contact with DNA but completely abolishes DNA looping in vivo and in vitro (24).
Interaction with DnaB. ELISA data showing the physical interactions of the WT and various mutant forms of with DnaB helicase are shown in Fig. 9 . The quadruple mutant of used to determine the crystal structure (*) binds DnaB at a similar level as WT . The majority of the mutations that lower binding of to DnaB map to the top of the molecule as viewed in Fig.  6 (colored green), suggesting a DnaB-binding site comprising ␣5 and the nearby loops between ␣2-␤2 and ␣6-␤1Ј. Mutations at these sites do not interfere with DNA binding, so the defect in DNA replication of these mutants likely arises by lowered binding to DnaB in the in vivo assay used. Because most of these residues are surface-exposed in the structure and apparently available for binding, it seems unlikely their mutation will affect DnaB binding by a conformational effect. Curiously, these sites map very closely to the same region containing the high-copynumber mutations that promotes formation of monomers and yet, in these assays, DNA is not present, and so DnaB must be binding to a dimer of . Hence, these data argue against ␣5 itself being directly involved in dimerization, unless the molecules are packed in a face-to-face fashion, but do not preclude the involvement of the disordered region immediately after ␣5, which is spatially separate. If so, then the antiparallel coiled-coil arrangement of ␣5 with its symmetry counterpart in the crystal packing does not represent a biological interaction.
Other Replication-Defective Mutants. Several mutant forms of are inactive in DNA replication but still bind to DNA (Table 4) . One of these, a double-mutant M36A/M38A, yields a stronger dimer of that binds DNA but does not support replication (23) . Met-36 lies in the middle of ␣2 and projects into the major hydrophobic core of the NTD between ␣1, ␣2, ␣6, ␤4, and ␤6. Met-38 also emanates from ␣2 and, although it points in an opposite direction, also participates in hydrophobic interactions with ␣2, ␣3, ␣7, and ␤2. Mutation of these residues to alanine would likely weaken these hydrophobic cores and so disrupt the architecture of the protein, but, beyond this, any effect on the structure is hard to predict.
We have constructed the double-mutant K78A/E79A, which, in an in vivo assay of the ability of the mutant to support replication (3), shows the same phenotype as M36A/M38A. These residues lie on the DNA-binding helix ␣4, where they are exposed to solvent, and neither contact DNA directly. Our interpretation of this mutant is that, although contacts of ␣4 with DNA in the mutants are disrupted, causing loss of replication, there is still net DNA binding because the contacts between ␣4Ј and DNA are maintained. In other words, in dimerizationproficient , ␣4Ј contacts with DNA should be providing most of the free energy change of DNA-protein interaction as contrasted with that of ␣4.
In summary, the structure of the monomeric protein as a complex with a single iteron DNA has provided valuable structural insights into the stages of initiation that precede loading of DnaB, involving DNA bending and melting, as well as revealing potential sites of interactions of with DnaB and how initiation control is affected by the site-directed mutants. However, because such mutations may affect, for instance, protein-protein interactions by conformational changes rather than being part of the binding site, additional biochemical and structural work involving cocrystal structures of the ternary complex of -iteron DNA peptides of DnaB, DnaA, and DnaG might be needed for more definitive answers.
Finally, further understanding of dimerization and DNA looping as processes that are critical for replication control would require solving the structure of the dimerization domain of WT . To date, the structure of only one dimerization domain of an initiator protein, namely RepA of pPS10, has been reported (39) . Although the complete structure of this initiator has not been solved to date, a comparison with the equivalent region in RepE led to the suggestion that the monomer-to-dimer transition might involve the transformation of a loop and ␤-strand (as seen in monomeric RepE) to an ␣-helix (as seen in dimeric RepA; ref. 39) . By contrast, the disordered loop Cterminal to ␣5, which is topologically unrelated to the proposed domain in RepE and RepA, is the best candidate for a dimerization domain in , because it is flexible and contains mutations that promote the formation of monomers and lead to high copy number. We hope to test this hypothesis by determining the crystal structure of in its dimeric form.
Materials and Methods
Cloning, Expression, and Purification of *⌬29. This form of the initiator protein with the deletion of the last C-terminal 29 amino acids and containing four mutations (P42L, P106L, F107S, and P113S) results in the formation of monomers of after iteron binding, remains soluble after purification at 50 mg/ml, increases R6K plasmid copy number, and retains full biological activity, as measured by its ability to catalyze DNA replication in vivo and in vitro (22) and its interaction with the host-encoded proteins DnaA, DnaB, and DnaG (22) . The ORF of *⌬29 was cloned into the pTXB1-intein vector (NEB, Boston, MA), and the protein was expressed and purified as described (22) . Gel mobility-shift and ELISA assays were carried out by using mutants of as described (20, 22) .
Crystallization. Complementary oligonucleotides were designed by using the 22-bp consensus sequence of the seven iterons (14) . The duplex used is shown in Fig. 1c and comprises the sequence of iteron 7 with the terminal A-T base pairs replaced by G-C to increase the stability of the duplex, with a single thymine overhang at each 3Ј end. *⌬29 was added to duplex DNA in a 1:1 ratio, incubated at room temperature for 20 min, and concentrated to 0.65 mM. Crystals were obtained over wells containing 5% polyethylene glycol 8000/50 mM MgCl 2 /100 mM NH 4 H 2 PO 4 and were cryoprotected by adding glycerol to a maximum of 38%. These crystals belonged to the space group P6 1 22 with cell dimensions a ϭ 126.0 and c ϭ 138.3 Å and diffracted to 3.0 Å resolution. There is one -DNA complex per asymmetric unit, corresponding to a solvent content of 70%.
Structure Determination and Refinement. The structure was solved by multiwavelength anomalous dispersion by using oligonucleotides in which the five thymines at positions 13, 21, 28, 41, and 43 were replaced with 5Ј-bromo-deoxyuridine (see Fig. 1c) . Determination of the bromine positions and initial phasing calculations were performed by using SOLVE/RESOLVE (40, 41) , but improved phases were later obtained by using SHARP (42) and SOLOMON (43) . Model building using XtalView (44) commenced with the initial protein model produced by RESOLVE and B form DNA generated using X3DNA (45) . The initial refinement was performed by using CNS (46) but thereafter with REFMAC5 (47) . The resolution of the structure did not permit the unambiguous inclusion of any water molecules or magnesium ions. Coordinates and structure factors have been deposited with the Protein Data Bank. Additional experimental details are described in the Supporting Text, which is published as supporting information on the PNAS web site.
